Introduction
Coordination of chromatid segregation with cell cleavage is crucial for equal partitioning of the genetic material and maintaining genome stability. However, it remains unclear how the coordination of these two mitotic events is achieved. Recently, studies in budding yeast and mammalian cells revealed an Aurora B-dependent pathway (NoCut pathway) that inhibits abscission, the final step of cytokinesis, when chromatin is trapped in the contractile ring (Norden et al., 2006; Mendoza et al., 2009; Steigemann et al., 2009) . In metazoa, this mechanism involves the stabilization of the contractile ring via Aurora B-mediated phosphorylation of endosomal sorting complex required for transport and mitotic kinesin-like protein 1 (Steigemann et al., 2009; Capalbo et al., 2012; Carlton et al., 2012) .
To probe the mechanism by which chromosome segregation is coordinated with cleavage furrow ingression, other studies have monitored the effect of abnormally long chromatids on cell division. Plant cells can divide properly with long chromatids, provided that the chromatid length does not exceed half of the spindle length at telophase (Schubert and Oud, 1997) .
Budding yeast can adapt to a 45% increase in chromosome size by enhancing the compaction of the long chromatid during anaphase. This depends on Aurora B activity and serine 10 of Histone H3 (Neurohr et al., 2011) . In Drosophila melanogaster, the ability to correctly segregate long chromatids varies with cell type: errors in segregation occur frequently during syncytial embryonic divisions, whereas larval neuroblasts divide properly via an unknown mechanism (Sullivan et al., 1993) . Our study focuses on understanding how Drosophila neuroblasts coordinate chromatid segregation with cell division by monitoring cells transiting through mitosis with abnormally long chromatids.
Results and discussion
To generate long chromatids, we used the induction of I-CreI endonuclease, which creates DNA double-strand breaks in the ribosomal DNA repeats located on the Drosophila X and Y chromosomes (Rong et al., 2002) . The resulting acentric and centric chromosome fragments remain attached through a DNA C hromosome segregation must be coordinated with cell cleavage to ensure correct transmission of the genome to daughter cells. Here we identify a novel mechanism by which Drosophila melanogaster neuronal stem cells coordinate sister chromatid segregation with cleavage furrow ingression. Cells adapted to a dramatic increase in chromatid arm length by transiently elongating during anaphase/ telophase. The degree of cell elongation correlated with the length of the trailing chromatid arms and was concomitant with a slight increase in spindle length and an enlargement of the zone of cortical myosin distribution. Rho guanine-nucleotide exchange factor (Pebble)-depleted cells failed to elongate during segregation of long chromatids. As a result, Pebbledepleted adult flies exhibited morphological defects likely caused by cell death during development. These studies reveal a novel pathway linking trailing chromatid arms and cortical myosin that ensures the clearance of chromatids from the cleavage plane at the appropriate time during cytokinesis, thus preserving genome integrity. during cytokinesis. The index of elongation of the nascent GMC cells increased constantly throughout cytokinesis, reaching a peak of elongation at around 5 min after anaphase onset ( Fig. 1 h) . Afterward, the behavior of elongated cells varied greatly. Some cells rounded up rapidly, 8-9 min after anaphase onset ( Fig. 1 g, second row; and Video 2), whereas other cells remained elongated for a longer time (>10 min after anaphase onset) and then abruptly rounded up ( Fig. 1 g, third row; and Video 3). The extended elongated state of the GMC was concomitant with a delay in the regression of long chromatid arms back into the main chromatid mass ( Fig. 1 g, cyan arrows, compare the second and third row). At the end of mitosis, two unequally sized daughter cells of similar diameter ratio were generated in control and I-CreI cells (Fig. 1 i) . This indicated that the presence of long chromatids and the transient elongation of the nascent cells during cytokinesis did not impair the inherent asymmetry of GMC-neuroblast divisions.
To determine if the segregation of long chromatids affected the spindle, we monitored mitotic cells expressing a microtubule marker (GFP::Jupiter). No noticeable spindle defect was observed in I-CreI elongated cells (Fig. 2 a) . Next, we measured the spindle length from one centrosome to the other during late anaphase ( Fig. 2 b) . We found that the spindle was slightly, yet significantly longer in I-CreI cells than in control cells (Fig. 2 c) . Similar to embryonic neuroblasts, the spindle was asymmetrically positioned toward the neuroblast in control cells (Fig. 2, d and e; Kaltschmidt et al., 2000) . In contrast, the spindle was nearly symmetrically positioned in I-CreI cells, revealing a transient shift of the spindle toward the GMC during cytokinesis (Fig. 2, d and e ). In addition, we noticed that although in control cells the centrosomes were apposed to the polar cortex, in I-CreI elongated cells the centrosomes were frequently detached from the neuroblast and GMC polar cortex (Fig. 2, d and f). This was associated with the formation of prominent astral microtubules ( Fig. 2 a, red arrows). To determine whether asters play a role in this pathway, we monitored long chromosome segregation in the centrosomin (cnn) mutant in which asters are depleted (Li and Kaufman, 1996; Megraw et al., 1999) . In the presence of long chromatids, the GMC cnn mutant adopted a tubular shape comparable to that in wild-type cells (Fig. S2 a) . The elongation index of the GMC was substantially increased in cnn cells expressing I-CreI compared with cnn control cells ( Fig. S2 b) . Moreover, the index of elongation correlated with the length of the chromatid arm ( Fig. S2 c) . These results indicate that astral microtubules are not required for cell elongation.
Cell cleavage requires the assembly of an actomyosinbased contractile ring between the two sets of chromatids. The instructive signal promoting the assembly of the ring is thought to depend on the spindle microtubules (Somers and Saint, 2003; D'Avino et al., 2005; Piekny et al., 2005; Yüce et al., 2005) . Therefore, we next determined if cell elongation associated with the displacement of the spindle toward the GMC affected the localization of cortical myosin, the assembly of the contractile ring, and the rate of the cleavage furrow ingression. To do so, we monitored neuroblasts expressing the nonmuscle myosin II regulatory light chain (encoded by the spaghetti squash gene) "tether," which transiently increases the length of the chromatid arms during anaphase (Royou et al., 2010) . By monitoring Drosophila larval neuroblasts labeled with the histone variant H2Av fused to red fluorescent protein (H2Av::RFP), we found that, after I-CreI expression, the transient increase in chromatid arm length varied considerably between cells, ranging from 1 to nearly 4 times the length of the chromatid mass ( Fig. 1 a, cyan arrows; and Fig. 1 c) .
Neuroblasts divide asymmetrically to generate a large neuroblast and a small ganglion mother cell (GMC). Next, we examined the effect of the variation in chromatid arm length on neuroblast and GMC cell shape. While in control cells, the neuroblast and GMC appeared spherical during late cytokinesis; in cells expressing I-CreI, the neuroblast and GMC daughter cells adopted various shapes that were dependent on the length of the trailing chromatid arm. The neuroblast shape varied from a nearly spherical shape to a pear-like shape ( Fig. 1 a, compare the first I-CreI cell with the last I-CreI cell). The change in shape of the GMC was more striking, as it varied from a sphere to a tubular shape ( Fig. 1 a, compare the first two I-CreI cells with the other I-CreI cells). In addition, the cells with long chromatids blebbed frequently near the site of the cleavage furrow ( Fig. 1 a, asterisks) . We quantified the change in cell shape by measuring the elongation index (length-to-width ratio) of the daughter cells during late anaphase in control and I-CreI cells ( Fig. 1 b) . GMCs with long chromatids were more elongated than control cells (Fig. 1, a and d) . This difference in cell elongation between control and I-CreI cells was less severe in the neuroblast (Fig. 1, a and e ). In addition, we found that the longer the chromatid arm the more elongated the GMC (Fig. 1 f) .
To control that the elongation of the cell was dependent on the length of the trailing chromatid arm and not on the DNA "tether" present in the I-CreI-induced long chromosome, we studied mitotic neuroblasts carrying an abnormally long compound chromosome known as C(2)EN (Novitski et al., 1981) . In contrast to I-CreI-induced long chromosomes, neither BubR1 nor -H2Av signals were detected on C(2)EN chromosome arms, confirming the absence of a "tether" on the C(2)EN ( Fig. S1 , a and b). In live neuroblasts, C(2)EN chromatids displayed some variations in length, ranging from 1 to 3 times the length of the chromatid mass during anaphase (Fig. S1 , c and d). We found that an increase in C(2)EN length was correlated with an increase in GMC index of elongation (Fig. S1 , c and e). These observations indicate that cell elongation is not triggered by DNA breaks or BubR1-coated DNA tethers present in the I-CreI-induced long chromatid. Therefore, we conclude that trailing long chromatid arms promote cell elongation.
We next monitored the rate of GMC elongation from anaphase onset to the end of cytokinesis for control and I-CreI cells. No change in the rate of cell elongation was observed between control and I-CreI neuroblasts during anaphase A, when the sister chromatids move poleward (Fig. 1, g and h) . However, differences between control and I-CreI cells were detected during anaphase B and telophase. Control cells generated two spherical daughter cells within 8 min after anaphase onset (Fig. 1, g and h; and Video 1). In contrast, neuroblasts with long chromatids produced daughter cells whose shapes evolved ( Fig. 3 a, Video 4, and Video 5). The rate of furrow ingression in cells bearing long chromatids was similar to that of control cells (Fig. 3, a and b ), which indicates that the segregation of long chromatids does not delay the initiation and progression fused to GFP (referred to as myosin), which marks the contractile ring (Royou et al., 2004) . In both control and I-CreI cells, myosin was uniformly distributed around the cortex at metaphase and relocalized to the future cleavage site during anaphase temporary deformation of the nascent daughter cells. Rhokinase is one of the kinases that activate myosin during cytokinesis (Amano et al., 1996) . Rho-kinase is activated by the GTPase Rho1 (Matsumura, 2005) . In Drosophila, Rho1 is activated by the Rho guanine nucleotide exchange factor (RhoGEF) Pebble (Pbl; Prokopenko et al., 1999) . To test the idea that myosin contractile activity is required for cell elongation during the segregation of long chromatids, we monitored I-CreI mitotic neuroblasts with reduced Pbl activity (see Materials and methods). pbl mutant neuroblasts failed to elongate during the segregation of abnormally long chromatids (Fig. 4, a and b; and Video 6) . No difference in the index of elongation was observed between control and I-CreI pbl mutant cells (Fig. 4 c) . Consequently, we found no correlation between the length of the trailing chromatid arms and the GMC elongation index (Fig. 4 d) . Furthermore, cortical myosin formed a focused contractile ring throughout cytokinesis in the pbl mutant ( Fig. 4 b and Video 6). These results are consistent with a model in which the formation and transient constriction of additional myosin rings induces cell elongation, allowing the clearance of long chromatids from the cleavage plane at the appropriate time before completion of cytokinesis. We hypothesized that the absence of this mechanism in pbl mutants may result in cell death because of the long chromatid arm being trapped by the contractile ring (Fig. 4 e) . To test this model, we monitored the survival rate and the morphology of the adult wings after I-CreI expression in wild type and pbl mutants. We found no difference in the survival rate between wild-type and pbl mutant cells expressing I-CreI (Fig. S3 ). However, nearly half of adult of cytokinesis. However, the cortical myosin localization at the cleavage site was broader in cells with long chromatids than in control cells (Fig. 3, a, c and d; and Video 5). Furthermore, we frequently observed discrete myosin rings at the cortex (Fig. 3 c, red arrowheads) and transient formation of extra furrows on both sides of the main cleavage furrow (Fig. 3 a, red arrows). We quantified the fluorescence intensity of myosin in one half of the cortex from the GMC cortical pole to the neuroblast pole, 4 min after anaphase onset for control and I-CreI cells. We found that cortical myosin distribution was wider in cells expressing I-CreI (Fig. 3 d) . Moreover, the distribution of the cortical myosin was more spread toward the GMC (Fig. 3 d, broken red lines). Together, our results indicate that the presence of trailing chromatid arms induces a transient cortical myosin spreading associated with cell elongation without affecting the position or rate of cleavage furrow ingression.
Our observation that GMCs with long chromatids adopt a transient tubular shape concomitant with broader myosin rings resembles the mechanism for polar body extrusion resulting from an extreme asymmetric division during female meiosis in Caenorhabditis elegans (Dorn et al., 2010) . The authors reported that the polar body protrusion from the cortex requires the formation of an actomyosin tube. Furthermore, in Drosophila S2 cells, the elongation of the cell during anaphase, before cytokinesis, is attributed to the relaxation of the polar cortex and the broad equatorial contraction via myosin activity (Hickson et al., 2006) . Therefore, we reason that the additional myosin rings formed during the segregation of long chromatids partially constrict the cortex, promoting the Previous studies in mouse oocytes have shown that chromosomes promote the formation of an actomyosin-rich cortical domain in a manner dependent on their distance from the cortex (Maro et al., 1986; Van Blerkom and Bell, 1986; Brunet and Maro, 2005; Deng et al., 2007) . Similarly, we found that during the segregation of long chromatids, the small daughter cell (GMC) is systematically more elongated than the large cell (neuroblast), and myosin spreads preferentially toward the GMC. This suggests that the effect of chromosomes on myosin depends on pbl mutants exhibited wing morphological defects likely caused by cell death during development compared with 8.7% in the wild type (Fig. 4, f and g) . These wing morphological defects in pbl mutants resulted from I-CreI induction, as no morphological defects were observed in pbl mutants without I-CreI expression ( Fig. 4 g) . We propose that cell elongation serves as a backup mechanism to prevent defects in chromosome segregation.
Our study reveals that chromosomes are capable of exerting an effect on cortical myosin recruitment during cytokinesis. spindles are associated with the formation of a broader cleavage furrow (Hu et al., 2011) . However, if trailing chromatids were to enlarge the zone of centralspindlin localization, this would have a negative impact on cytokinesis because it might impede the formation of a tight ring. This is likely to have an effect on the rate of cleavage furrow ingression. One argument against this model is that cell elongation does not affect the rate of cleavage furrow invagination. An alternative hypothesis is that cell elongation and cytokinesis are triggered through Pbl acting on different pathways. Our finding that subtle reduction of Pbl activity completely abolished cell elongation and myosin broadening regardless of the length of the chromatid arms, while only mildly affecting cytokinesis, supports this possibility. It suggests that cell elongation is more sensitive to the level of Pbl activity than cleavage furrow ingression. When Pbl their distance from the cortex. Thus, we speculate that the sensor that signals to cortical myosin via Pbl activity is associated with the trailing chromatid arm and forms a gradient of activity that diffuses to the cortex. Interestingly, studies in mouse oocytes have shown that chromosomes generate a gradient of active Rac1 and Ran, which in turn affect cortical polarity (Deng et al., 2007; Halet and Carroll, 2007) .
We found that spindle length is increased in elongated cells. Since chromosomes promote microtubule nucleation, this raises the possibility that the presence of trailing chromatid arms induces elongation of the central spindle. Consequently, the area of centralspindlin accumulation, the complex that recruits Pbl at the cleavage site, may broaden, which enlarges the zone of cortical myosin localization. Consistently, studies in human cells have reported that abnormally elongated central The wild-type cell adjusts its length to clear the long chromatid from the cleavage plane, hence producing euploid daughter cells, which will proliferate and differentiate properly. The pbl mutant cell fails to elongate in the presence of long chromatids. This produces aneuploid daughter cells, which will undergo apoptosis. (f) Images of wings from pbl mutant adult flies with our without I-CreI, heat shocked for 1 h at 37°C during the third instar larval stage. The pink arrows point to the wing morphological defects. (g) Histogram showing the frequency of adult flies exhibiting wings with morphological defects. n = number of experiments. N = total number of adult flies scored.
the Bloomington Drosophila Stock Center (no. 2974). The cnn HK21 mutant allele has a point mutation forming a stop codon within the amino terminal of the coding region (Li and Kaufman, 1996; Megraw et al., 1999; Vaizel-Ohayon and Schejter, 1999) .
Microscope image acquisition
To induce I-CreI expression, late third instar larvae were heat shocked for 1 h at 37°C and left to recover at room temperature for 1-2 h. The dividing neuroblasts were observed within 1 h after recovery. Third instar larval brains were dissected in PBS and slightly squashed between a slide and a coverslip by capillary forces as described previously (Buffin et al., 2005) . The preparation was visualized immediately under the microscope and for a maximum period of 30 min. Images from Figs. 1 a (except the  last panel), 1 g, 2 a, 3 (a, c, and d) , and S1 (b and c) were acquired with a wide-field inverted microscope (DMI6000B; Leica) equipped with an EM charge-coupled device (CCD) camera (ORCA C9100-02; Hamamatsu) with a binning of 1. The last images of Fig. 1 a were acquired with a wide-field inverted DMI6000B microscope (Leica) equipped with a CoolSnap HQ2 camera (Photometrics, Roper Scientific SAS) with a binning 2. Images from Fig. 4 a were acquired with a confocal microscope (SP2; Leica). Images from Figs. 4 b, S1 a, and S2 a were acquired with a wide-field inverted microscope (Axio-observer; Carl Zeiss) equipped with an EMCCD camera (Evolve; Photometrics and Roper Scientific). All images were observed with a 100× oil Plan-Apochromat objective lens (NA 1.4). A z series of 0.5 µm steps was acquired every 20 s. LAS AF6000 (Leica) or MetaMorph software (Roper Scientific) were used for the acquisition. 10 iterations of a blind deconvolution algorithm were run, using a refractive index of 1.5. Images from Figs. 1 (a and g) , 2 a, and 3 (a, c, and d) are deconvolved maximum intensity projections. Images from Figs. 4 (a and b), S1 c, and S2 a are maximum intensity projections.
Quantification
ImageJ and Prism software (GraphPad) were used for image quantification and statistical analysis, respectively. Measurement described in Figs. 1 (c-f), 1 (h and i), 2 (c, e, and f), 4 (c and d), S1 (d and e), and S2 (b and c) were done at one time point during cytokinesis, when the cell is the most elongated. The variation in length of the longest chromatid arm in the GMC was calculated by measuring the length of the long chromatid from the telomere to the centromere located at the tip of the chromosome mass at the pole (Fig. 1 b) , and dividing this length by the mean length of normal chromatid arms for each genotype at a similar time point. The elongation index of the neuroblast and GMC was measured by calculating the length-to-width ratio of the ellipsoid (Fig. 1 b) . The spindle length was measured from the tip of the segregated chromatids on the neuroblast pole side to the tip of the segregated chromatids on the GMC pole side, where the centrosomes are located and normalized by dividing this length to the diameter of the cell at metaphase (Fig. 2 b) . The distance from centrosome to polar cortex was normalized with the diameter of the cell at metaphase (Fig. 2 f) . For Fig. 3 b, the diameter of the contractile ring was measured from one tip of the invaginating furrow to the other at the position of the ring marked with RLC::GFP over time. From time 0-2 min, when the ring is not yet formed, the diameter of the cell was calculated by drawing a line across the cell at an equal distance from the segregating sister chromatids. An unpaired t test with a 95% confidence was used to calculate the p-value for all statistical analysis.
Survival assay and wing morphological scoring 5-6 d after egg deposition, larvae of each genotype were transferred to separate vials (16-25 larvae per vials) with standard food and heat shocked in a 37°C water bath for 1 h. The larvae were kept at 25°C and the adults were scored after 5 d for 3 d. Adults with distinct "notched" wings were scored for each genotype. This experiment was repeated six times.
Immunostaining
For BubR1 immunostaining, the brains were dissected in PBS and fixed in PBS + 3.7% formaldehyde for 30 min to 1 h, then fixed for 30 s in 45% acetic acid and transferred in a 60% acetic acid drop on a coverslip for 3 min. The samples were squashed and frozen in liquid nitrogen, then blocked for 30 min in PBT (PBS + 0.1% Triton X-100; Williams and Goldberg, 1994) . The samples were incubated overnight at 4°C with rabbit anti-BubR1 antibodies (1:1,000; a gift from C. Sunkel, Universidade do Porto, Porto, Portugal). The preparations were washed four times for 10 min in PBT, rinsed once in PBS, and mounted with Slow Fade containing DAPI (Invitrogen). For -H2Av immunostaining, the brains were dissected activity is decreased, cytokinesis is triggered by the central spindle-dependent pool of Pbl acting on Rho1 at the expense of the chromatid-dependent pool of Pbl acting on another GTPase. Interestingly, recent studies have demonstrated that Pbl activates Rac1 (van Impel et al., 2009) . A third explanation arises from the finding that myosin cytokinetic ring positioning is mediated by two pathways in Drosophila larval neuroblasts: a central spindle pathway and a parallel polarity cue-dependent pathway (Giansanti et al., 2001; Cabernard et al., 2010) . Reduced Pbl activity might affect the formation of extra myosin rings required for cell elongation without affecting the polarity-mediated pathway involved in cytokinesis.
Budding yeast has evolved a mechanism for segregating long chromatids, which involves the supercompaction of the trailing chromatid arm via Aurora B activity (Neurohr et al., 2011) . We found that Drosophila neuroblasts use a different mechanism to adapt to the presence of chromatid arms in the cleavage plane. The cell adjusts its cortical shape proportionally to the length of the longest chromatid during cytokinesis. This difference between Drosophila and yeast cells may be explained by the presence of a cell wall in yeast that restricts cortical plasticity, hence constraining cell elongation. Recent studies have revealed a novel Aurora B-dependent checkpoint that inhibits abscission in the presence of chromatin at the cleavage site (Norden et al., 2006; Mendoza et al., 2009; Steigemann et al., 2009 ). We do not yet know if this checkpoint exists in Drosophila neuroblasts. Nonetheless, it is possible that the Aurora B-mediated and Pbl-mediated mechanisms exist in all cell types, optimizing the robust nature of faithful chromosome transmission throughout evolution. Alternatively, the process of cell elongation may be specific to asymmetric stem cell divisions. Either way, it will be important to determine if the mechanism that we report in Drosophila neuroblasts exists in human cells. The fact that key proteins involved in these mechanisms (Pbl/RhoGEF and myosin) are highly conserved in humans supports this idea.
Materials and methods

Fly stocks
The stocks were raised on maize and yeast media with or without molasses at 25°C. We used a GFP::Jupiter construct to mark the spindle (a gift from A. Debec, Institut Jacques Monod, Paris, France). The GFP is fused to the N terminal of Jupiter, a microtubule-binding protein (Karpova et al., 2006) . Myosin was labeled with the RLC::GFP construct, where the GFP is fused to the C terminal of the nonmuscle myosin II regulatory light chain (Royou et al., 2004) . Since Pbl is required for cytokinesis (Prokopenko et al., 1999) , a lethal allele (pbl 5 , a mismatched mutation in the highly conserved DH domain; Somers and Saint, 2003) combined with a viable allele (pbl male sterile , also annotated as pbl Z4836 , a point mutation within the coding sequence; Giansanti et al., 2004) of pbl was used to create a viable transheterozygote (referred as pbl), in which cytokinesis was affected in <10% of the cells with or without I-CreI expression. The rate of furrow ingression was dramatically reduced or the furrow partially invaginated and then regressed in 3 out of 36 and 8 out of 81 pbl mutant control and I-CreI cells, respectively. Fly stocks were crossed to generate the following genotype: w; p[w + , RLC::GFP]/+;p[w + , H2Av::RFP], pbl male sterile / pbl 5 and w; p[w + , RLC::GFP]/+; p[w + , H2Av::RFP], pbl male sterile /pbl 5 , p[v + , hs70-I-CreI], Sb. The H2Av::RFP stock and the pbl 5 stock were obtained from the Bloomington Drosophila Stock Center. The hs70-I-CreI stock was a gift from K. Golic (University of Utah, Salt Lake City, UT). The pbl male sterile allele was provided by M. Gatti (La Sapienza, Rome, Italy). The stock carrying the compound 2 Entire, 2R2L-2R2R, abbreviated C(2)EN stock was described by Novitski et al. (1981) and was obtained from
